Past research has demonstrated that if the intensity image of an object is uniformly down-sampled and converted into a Fresnel hologram, the phase component alone will be sufficient to reconstruct the source image. However, due to down-sampling, the edge and line patterns are degraded heavily. In this Letter, we propose an enhancement on the parent method by incorporating an adaptive down-sampling lattice. A hologram generated with our proposed method, which is referred to as the edge-enhanced sampled phase-only hologram, preserves favorable visual quality on both the shaded regions as well as the edge patterns of the object image.
A digital hologram is a complex image that records the optical waves emitted from a three-dimensional (3D) object scene. In the last decade lots of research have been conducted on the development of fast methods for generating [1] [2] [3] [4] [5] and processing [6, 7] digital holograms. In general terms, a digital hologram is a complex image comprising of a pair of orthogonal components (e.g., the magnitude and the phase components). In the past, reconstructing a complex holographic image requires each orthogonal component to be displayed with an individual spatial light modulator (SLM) [8] [9] [10] , which in itself can only present the phase or the magnitude information. Despite the effectiveness of this approach, integrating a pair of SLMs requires precise alignment of all the constituting optical accessories. To overcome these problems, a lot of research has been conducted in the generation of phase-only holograms (POHs). A POH can reconstruct the object image it represented with the phase component of the hologram alone, so that the hologram can be displayed with a single phase-only SLM. On the downside, the quality of the reconstructed image of a POH is degraded as compared with that of a full complex hologram. One of the major goals of research works in the investigation of POHs is to reduce the degradation caused by the removal of the magnitude component. Some of the successful attempts that have been made in recent years are outlined as follows, and summarized in Table 1 . In Refs. [11] [12] [13] , the two components of a double-phase hologram [14] are displayed at separate positions of a single SLM, and their diffracted waves are merged with a grating at the focused plane. In fact such spatial division framework can also be applied in integrating the real and the imaginary components of a complex hologram [15] . These approaches are difficult to implement as they require complicated setup and precise optical alignment which are tedious to realize in practice. A better solution is to convert the complex hologram into a POH based on the Gerchberg-Saxton (GS) algorithm [16] , or the iterative Fresnel transform [17] . Both algorithms derive a pure POH through multiple rounds of computations, so that the reconstructed image will ultimately match to a given planar image. On the downside, the POH generated with such an approach is computationally intensive, and not suitable for handling image with multiple depth planes. Fast noniterative generation of POHs based on complex amplitude modulation and optical filtering has been proposed [18] . Another fast method, known as the "one-step phase retrieval (OSPR) process" which does not involve optical filtering, is reported [19] for generating a POH. In this approach, the source image is added with a random phase mask, and converted into a complex hologram. The phase component of the hologram is retained as the POH. However, the reconstructed images of the OSPR hologram is noisy and multiple holograms representing the same source image added with different random phase masks have to be generated to lower the speckle noise, hence increasing the amount of computation. In Refs. [20, 21] , a complex digital Fresnel hologram is directly converted into a POH through error diffusion [22] . The method can also be applied in embedding large amount of image data into the hologram [23, 24] . Despite the success, the brightness of the reconstructed image is relatively lower, and a stronger illumination is needed. Recently, Tsang and Poon [25] has proposed the sampled phase-only hologram (SPOH) to overcome the aforementioned problems. The source image is first down-sampled with a uniform grid-cross lattice, and converted into a complex hologram. A POH is obtained by forcing the magnitude of each hologram pixel to a constant value. Reconstructed images of the SPOH are bright and visually appealing, but due to the down-sampling process, the line patterns are heavily fragmented and degraded. From Table 1 , we can infer that all the methods have their pros and cons. A good compromise between quality of the reconstructed image, computation efficiency, and complexity of the optical system is attained with the SPOH method.
In this work, we explore whether the generation of the SPOH can be further improved so that the lines and edge patterns of the reconstructed image can be preserved with higher fidelity, while maintaining the advantages of low complexity and high computation efficiency. To this end, we have proposed a method that employs a sampling scheme that is adaptive to the content of the image represented in the hologram. A POH generating by the proposed method is referred to as the edge-enhanced sampled phase-only hologram (EESPOH).
To begin with, the following terminology is adopted. The intensity of an object point at location ðx; yÞ is represented by the image I ðx; yÞ, and the axial distance of the object point to the hologram is denoted by variable w x;y . Our proposed method can be divided into two stages as illustrated in Fig. 1 , and described in the following.
Prior to the generation of the POH, the intensity image of the object is down-sampled by lattice Dðx; yÞ given by I D ðx; yÞ ¼ I ðx; yÞ Dðx; yÞ ¼ 1 0 otherwise :
The down-sampling lattice, Dðx; yÞ, is derived from the union of a uniform grid-cross pattern D U ðx; yÞ, and an edge-dependent pattern D E ðx; yÞ that is associated with the edges of the object image as
In D U ðx; yÞ, each data point is assigned a value of unity if any one of Eqs. (3)- (5) is satisfied. Otherwise, the data point will be set to zero
where M is the down-sampling factor, and 'mod' is the modulus operator that finds the remainder of division of one number by another. For example, 5 mod 2 gives 1. The second down-sampling D E ðx; yÞ is a down-sampling lattice that is adaptive to the edge patterns of the object image I ðx; yÞ. To obtain D E ðx; yÞ, the object image I ðx; yÞ is first convolved with Laplacian operator Lðx; yÞ given by I E ðx; yÞ ¼ I ðx; yÞ Ã Lðx; yÞ;
where Lðx; yÞ is a 3 × 3 kernel represented in
Next, D E ðx; yÞ is set to unity if the absolute value of I E ðx; yÞ is above a fixed threshold T (which reflects strong edge or line information), and zero otherwise. Hence
In the generation of the SPOH proposed in Ref. [25] , the object image is only down-sampled by the lattice D U ðx; yÞ, hence resulting in heavy degradation on the edge patterns. Our present proposed method supplements these lost information with adaptive sampling pattern D E ðx; yÞ which includes all the essential edge pixels in the object image. [11] [12] [13] 15] High/computationally efficient Only half of the display area is utilized Complicated optical setting involving high-resolution grating GS or iterative Fresnel transform [16, 17] High/computationally intensive Computationally intensive Suitable for 3D scenes comprising of small number of plane images
Complex modulation [18] High/computationally efficient Requires optical filtering OSPR [19] Good/computationally intensive Reconstructed image contaminated with noise Requires generation of multiple hologram frames to attenuate the noise Error diffusion [20, 21] High/computationally efficient Intensity of reconstructed image is low SPOH [25] Good/computationally efficient Lines and edge patterns are degraded In this stage, a complex hologram is generated from the down-sampled object image according to the Fresnel diffraction equation given by 
A binary planar image "star" and a continuous tone image "eye" shown in Figs. 2(a) and 2(b), respectively, are employed to illustrate our proposed method. Both images are comprising of line patterns and smooth regions, and positioned at an axial distance of 0.3 m to the hologram. The down-sampling lattices D U ðx; yÞ, D E ðx; yÞ, and Dðx; yÞ are derived based on the formulations as presented previously. For the sake of comparison, we first apply the existing method in Ref. [25] to compute the SPOH of the two test images based on the optical settings in Table 2 . In generating the holograms, each image is only downsampled with the grid-cross lattice D U ðx; yÞ, and a complex hologram is generated with Eq. (9). The SPOH is obtained from the phase component of the complex hologram. The numerical reconstructed images of the two SPOHs are shown in Figs. 3(a) and 3(b) . It can be seen that in both reconstructed images, the shaded regions are well-preserved, but the continuous line patterns are severely fragmented. Next we apply our proposed method to generate the edge-enhanced SPOHs for the test images, based on the down-sampling lattice Dðx; yÞ with identical optical settings. The numerical reconstructed images are shown in Figs. 4(a) and 4(b). We observe that both the shaded regions, as well as the edge (e.g., the boundary of the square region in the "eye" image) and line patterns are preserved with good fidelity. The correlation score between the reconstructed images of the EESPOHs in Figs. 4(a) and 4(b) , and the ones obtained from the complex holograms of the original images are 0.658 and 0.664, respectively, reflecting reasonable degree of similarities and also certain degradation due to the down-sampling. It can be seen that the results of the numerical and the optical reconstruction are rather similar, with the reconstructed images of the proposed method exhibiting obvious improvements over those obtained with the existing method in Ref. [25] . However, we also notice that due to the imperfection of the SLM and the optical setups, the quality of the optical reconstructed images is relatively inferior as compared with that of the numerical reconstruction results.
In conclusion, we describe an improved method for fast generation of POHs based on down-sampling of the object image. In the approach, the intensity of the object image is first down-sampled with a lattice that is composed of a uniform grid-cross and an edge-dependent lattice. Subsequently, a complex hologram is generated from the down-sampled object image, and the phase component is retained as an EESPOH. Experimental results obtained with numerical and optical reconstruction demonstrate that the reconstructed image of the EESPOH is bright, and capable of preserving good visual quality on both the shaded regions and the edge patterns. The improvement is apparent when compared with the POHs obtained with the existing method in Ref. [25] , in which case the edge and line patterns of the reconstructed images are heavily degraded. Our proposed method is also computationally efficient, as the additional overhead imposes in the generation of the hologram is attributed to the edge detection and the down-sampling process, both of which only involve small amount of arithmetic operations. These favorable outcomes suggest that our proposed method can be practically applied in the fast generation of POHs that are suitable for visual display. Further research can be conducted to explore the possibility of enhancing the reconstructed images of the EESPOHs based on edge detection schemes other than the Laplacian operator. 
